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Multi-excited state phenomena are believed to be the root cause of two exigent 
challenges in organic light emitting diodes, namely efficiency roll-off and degradation. 
The development of novel strategies to reduce exciton densities under heavy load is 
therefore highly desirable. In this article it is shown that triplet exciton lifetimes of 
thermally activated delayed fluorescence emitter molecules can be manipulated in solid 
state by exploiting intermolecular interactions. The external heavy atom effect of 
brominated host molecules leads to increased spin orbit coupling, which in turn 
enhances intersystem crossing rates in the guest molecule. Wave function overlap 
between the host and the guest is confirmed by combined molecular dynamics and 
density functional theory calculations. Shorter triplet exciton lifetimes are observed, 
while high photoluminescence quantum yields and essentially unaltered emission 
spectra are maintained. This leads to almost 50% lower triplet exciton densities in the 
emissive layer in steady state and results in an improved onset of the PLQY roll-off at 
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high excitation densities. Efficient organic light emitting diodes with better roll-off 
behavior based on these novel hosts are fabricated, demonstrating the suitability of this 
concept for real-world applications. 
 
Excitons are created from the condensation of complementary charge carriers and relax to 
give the photons emitted from organic light emitting diodes (OLEDs). Since the ground state 
of almost all organic molecules is of spin quantum number zero, the interconversion of 
singlet excitons and photons is quantum mechanically allowed. However, considerable 
populations of long-lived “dark” triplet excitons also play a very important role in organic 
devices. In OLEDs, roughly 3 out of 4 generated excitons have triplet character as a result of 
spin statistics.[1] The ability to harness triplet excitons for light generation was first 
introduced in the form of phosphorescent emitter molecules and led to internal quantum 
efficiencies (IQEs) of nearly 100%.[2–6] More recently, emitters based on thermally activated 
delayed fluorescence (TADF) with comparable IQE values have emerged.[7,8] Here, the 
singlet can be repopulated from the triplet state thermally, as a result of very small singlet-
triplet splitting (Figure 1a). The small splitting is achieved by spatially separating the highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), 
which diminishes exchange interaction.[9] The exact mechanism of the reverse intersystem 
crossing pathway is currently subject to debate. The direct intersystem crossing between the 
charge transfer states 1CT and 3CT is assumed to be very inefficient due to the vanishing 
spin-orbit coupling between these states (Figure 1b).[10,11] Efficient reverse intersystem 
crossing could be explained by hyperfine interactions.[12,13] Moreover, a mediated spin-orbit 
coupling process involving a higher (or lower) lying local exciton 3LE has emerged as 
alternative explanation.[14,15] 
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Figure 1. (a) Rate model for TADF process. S0 is the ground state, S1 is the singlet energy 
level, T1 is the triplet energy level, kR is the radiative rate, kNR is the non-radiative rate, kISC 
and kRISC are the intersystem crossing rate and reverse intersystem crossing rate. (b) Three 
discussed mechanisms for coupling singlet and triplet manifolds. Top: Spin-Orbit Coupling 
(SOC) between singlet charge transfer state 1CT and triplet charge transfer state 3CT 
(forbidden). Center: Hyperfine Coupling (HFC). Bottom: Coupling mediated by a locally 
excited triplet state 3LE. 
 
The triplet exciton lifetimes of both phosphors and TADF emitters are on the order of several 
microseconds. This is in contrast to the very short exciton lifetimes in fluorescent emitters of 
only few nanoseconds. As a result of this fairly long triplet exciton lifetime, the exciton 
density is large. This favors the occurrence of bimolecular events, like triplet-triplet 
annihilation (TTA) and triplet-charge annihilation (TCA).[16–19] These events are usually 
undesired and constitute loss processes. One consequence is the well-documented decrease in 
efficiency under high current densities, often referred to as “droop” or “roll-off”.[20] 
Moreover, bimolecular processes generate “hot” excitons that are suspected to cause 
degradation events.[21] It has already been demonstrated that photobleaching can be 
suppressed by three orders of magnitude by enhancing the spontaneous emission rate.[22] 
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It is therefore paramount to invent new ways of decreasing exciton lifetimes. This has to be 
achieved while leaving other properties, like photoluminescence quantum yields (PLQYs), 
luminescence spectra and electrical behavior unaltered. Further reducing singlet-triplet 
splitting by reducing HOMO-LUMO overlap could reduce exciton lifetimes by speeding up 
reverse intersystem crossing, but this strategy usually has the unwanted side effect of 
reducing the oscillator strength.[23] Notably, it has been shown that intersystem crossing can 
be enhanced by covalently attaching heavy atoms to emitter molecules.[24] Moreover, it has 
been well documented that absorption features and photoluminescence behavior of solutions 
can be influenced by the mere proximity of heavy atoms that are not even covalently bound 
to the respective molecule.[25–31] This phenomenon is known as the external heavy atom 
effect. It was already successfully utilized in white OLEDs by combining blue TADF 
fluorophores and yellow phosphors.[32] However this approach is not applicable to 
monochrome pixels, as needed in active matrix display applications. An increase in OLED 
external quantum efficiency (EQE) after the insertion of a heavy atom perturber layer has 
also been reported.[33] Unfortunately, this approach requires an additional evaporation step 
and might hamper ideal charge balance factors in devices. We therefore propose to introduce 
heavy atoms by substituting hydrogen atoms in established host molecules, thereby utilizing 
the beneficial influence of the heavy atom effect while keeping potential adverse 
consequences at a minimum level. 
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Figure 2. (a) Molecular structures of host and emitter materials employed in this study. (b) 
Orbital (third highest occupied molecular orbital, HOMO-2) delocalizes over both host and 
guest molecules. Specifically, one Br atom (upper right) is involved in this orbital 
delocalization. (c) The Löwdin charge changes (T1 state vs. S0 state) on Br atoms, as shown 
by red spheres around Br atoms. 
 
We choose the well-known host CBP and its brominated derivatives CBP-Br2 and CBP-Br4 
(shown in Figure 2a) to test our hypothesis. These molecules have been used as intermediates 
in organic syntheses.[34–41] They feature a Br (𝑍"=35) content by weight of 0%, 25% and 40% 
respectively. We measured the first excited triplet state energy levels of CBP, CBP-Br2 and 
CBP-Br4 by room temperature triplet state spectroscopy.[42] They are determined to be 
identical at T1 = 2.55 eV (Figure S13). In case of CBP, this is in excellent agreement with 
literature (2.58 eV, 2.56 eV).[42,43] Thus, the brominated host molecules have appropriate 
triplet energy levels to be used as host materials in OLEDs. We also measured the refractive 
indices of the three host materials by ellipsometry (Figure S15). For any given wavelength, 
the refractive index is increasing with increasing Br content. The molecule 4CzIPN is an 
excellent testing emitter, since it features high PLQY and it facilitates high efficiency 
OLEDs.[7]  
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In order to confirm that adding Br atoms to the host molecules can in principle affect the 
spin-orbit coupling in the guest molecule, we employ a combined molecular dynamics (MD) 
and density functional theory (DFT) computational approach. The heavy atom effect brought 
by Br atoms in the host can have an influence on the guest only if the excited state wave 
functions of the guest delocalize over the host. Therefore, we investigate the charge 
delocalization of the first excited triplet state (T1) of the 4CzIPN/host (host=CBP, CBP-Br2, 
CBP-Br4) dimer systems. Our combined MD and DFT calculations show that there are some 
occupied orbitals of the T1 state delocalizing over both guest and host molecules (Figure 2b). 
In particular, specific Br atoms are involved in the orbital delocalization. This result indicates 
that the states of the guest and brominated host molecules are coupled in the emissive layer 
(EML). We also performed a Löwdin population analysis of the T1 state.[44] The Löwdin 
charge on the host in the 4CzIPN/host dimer systems (averaged over 10 dimer structures for 
each host) changes from -0.001 e to -0.018 e when adding two Br atoms to CBP, and it 
further decreases to -0.025 e for CBP-Br4 (Table S1). This decrease is attributed to the strong 
electronegativity of Br atoms. More importantly, it shows that there is clearly a small amount 
of charge transfer from 4CzIPN to CBP-Br2 and CBP-Br4 when 4CzIPN is in the T1 state, 
indicating that the brominated hosts can have an effect on the spin-orbit coupling in the guest. 
 
Furthermore, we also investigate quantitatively if there is any charge delocalization 
specifically on Br atoms. We compare the Löwdin charge on Br atoms in the T1 state of a 
4CzIPN/host dimer with that in the S0 state of the same dimer. The difference of Löwdin 
charges on Br atoms is therefore considered to reflect the additional charge delocalization 
when 4CzIPN is in the T1 state (Table S1). There is a significant amount of relative Löwdin 
charge difference on Br atoms in both CBP-Br2 (-0.004 e) and CBP-Br4 (-0.007 e) (Figure 
2c), which is evidence that the T1 state of 4CzIPN specifically delocalizes over Br atoms in 
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the host. Together, these computational results reveal that the added Br atoms in the host can 
interact with the guest excited states and contribute to its increased spin-orbit coupling. 
 
In order to experimentally test the influence of the host materials on the emitter molecules, 
we fabricated doped films with a thickness of 100 nm by thermal evaporation (20wt%). The 
films show slightly differing absorption features (Figure 3). CBP:4CzIPN exhibits a 
pronounced peak at 297 nm. This peak is slightly red-shifted in CBP-Br2:4CzIPN and CBP-
Br4:4CzIPN to 303 nm and 308 nm respectively. Utilizing the brominated host materials does 
not appreciably influence the emission spectra, although there is a slight blue-shift with 
increasing Br content. The emission peak wavelengths are measured to be at 534 nm, 528 nm 
and 524 nm respectively. We suspect the hypsochromic shift originates from hindered 
geometric relaxation in the brominated hosts (smaller Stokes shift). 
 
Figure 3. Absorption and emission of EMLs (Host:4CzIPN(20wt%)). 
 
CBP
CBP-Br2
CBP-Br4
200 300 400 500 600 700
Wavelength (nm)
0.0
0.5
1.0
1.5
2.0
0.2
0.4
0.6
0.8
1
A
bs
or
ba
nc
e
PL Intensity (norm
alized)
     
8 
 
In contrast, the transient photoluminescent response is clearly influenced by the host 
selection. Firstly, the prompt lifetime for 4CzIPN embedded in CBP is larger than for the 
brominated compounds (Figure 4a). The prompt lifetimes (𝜏$) are 16.7 ns for 4CzIPN in 
CBP, 10.8 ns for 4CzIPN in CBP-Br2 and 10.9 ns for 4CzIPN in CBP-Br4, indicating that 
the radiative transition is quenched by an enhanced intersystem crossing rate in the 
brominated compounds (Table 1). Secondly, the delayed component lifetimes (𝜏%) decrease 
with increasing Br content (Figure 4b). The lifetimes are determined to be 3.49 µs for 
4CzIPN in CBP, 3.11 µs for 4CzIPN in CBP-Br2 and 2.92 µs for 4CzIPN in CBP-Br4 
respectively. This behavior can be attributed to faster reverse intersystem crossing rate. 
Thirdly, the delayed components of the brominated CBP derivatives exhibit a larger intensity 
than CBP. In agreement with aforementioned observations, the ratio of the intensity of the 
delayed component to the prompt component is growing with increasing Br content (76%, 
91% and 92% respectively). The emission spectra of the delayed component (t > 20ns) and 
prompt components (t < 20ns) are identical for CBP-Br2 (Figure S4) and CBP-Br4 (Figure 
S5) confirming that S0 ß S1 is the dominating radiative transition. 
 
Doped	film Abs.	
(nm) 
PL	
(nm) 
𝚽𝐏𝐋 𝚽𝐩 𝚽𝐝 rel. 
delayed 
τ
P	
(ns) 
τ
D	
(μs) 
CBP:4CzIPN 209,	297,	331 534 68% 16%	 52%	 76% 16.7 3.49 
CBP-Br2:4CzIPN 209,	303,	328 528 64% 6%	 58%	 91% 10.8 3.11 
CBP-Br4:4CzIPN 228,	308,	325 524 74% 6%	 68%	 92% 10.9 2.92 
 
Table 1. Summary of photoluminescent properties for EMLs (Host:4CzIPN(20wt%)). 
 
The photoluminescence quantum yields of the thin films have been determined in an 
integrating sphere according to the de Mello method.[45] The PLQY for 4CzIPN in CBP was 
determined to be 68 ± 2%, while the PLQY for the same system with host CBP-Br2 was 
slightly lower at 64 ± 1%, and higher with the host CBP-Br4 at 74 ± 2%. The prompt and 
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delayed quantum yields (𝛷$,𝛷%) were calculated from the product of the relative intensities 
and the absolute PLQY 𝛷-.. The intersystem crossing rate 𝑘012  and reverse intersystem 
crossing rate 𝑘3012  can then be expressed as:[46,47]      
     𝑘012 = 		 67689:;      (1) 𝑘3012 = 	 67:7:;<=>?6; 	     (2) 
 
 
Figure 4. Transient response and PLQY data of EMLs (Host:4CzIPN(20wt%)). (a) Prompt 
component. (b) Delayed component. (c) Intensity dependence of the PLQY. 
 
The intersystem crossing rates 𝑘012  increased from 4.5 ∙ 10F	𝑠HI to 8.4 ∙ 10F	𝑠HI when 
comparing CBP to its brominated derivatives, which constitutes an 87% increase. The reverse 
intersystem crossing rates 𝑘3012  increased from 1.2 ∙ 10L	𝑠HI to 3. 6 ∙ 10L	𝑠HIand 4.3 ∙10L	𝑠HI, which is a 3.0-fold and 3.6-fold increase respectively. The experimental result that 𝑘3012  is enhanced to a larger degree than 𝑘012  is in agreement with spectroscopic 
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ellipsometry measurements of the dielectric constants, which increase with growing number 
of Br substituents (Figure S15, Table S4). As has been confirmed by a theoretical study 
recently, singlet-triplet gaps in TADF molecules decrease with increasing dielectric 
constant.[48] Consequently, the activation energy of the energetically uphill process is reduced 
and 𝑘3012 .is affected both by increased SOC and a lower energy barrier. From the steady state 
solution of the rate equations we can derive the steady state triplet exciton concentration [𝑇I]RS with respect to the steady state singlet exciton concentration [𝑆I]RS (supporting 
information). 𝑇I RS = 	 <=>?<U=>? 𝑆I RS     (3) 
Therefore, the triplet exciton concentration is 38 times higher than the singlet exciton 
concentration in the CBP:4CzIPN EML at steady state. This number decreases to 24 (CBP-
Br2) and 20 (CBP-Br4) for the brominated compounds. Hence, at constant luminance, the 
triplet population decreases by 38% and 48% when CBP is replaced by CBP-Br2 and CBP-
Br4 respectively (Table 2). 
 
Doped	film k
ISC	
(10
7	
s
-1
)	 k
RISC	
(10
6	
s
-1
) Rel.	[T1]	
Steady	state	
ρ50%	
(1018)	
EQEmax	 jcrit	
(mA/cm2)	
CBP:4CzIPN 4.6	 1.2 100%	 1.4	 17.1%	 22.3	
CBP-Br2:4CzIPN 8.4	 3.6 62%	 2.3	 17.9%	 24.9	
CBP-Br4:4CzIPN 8.4	 4.3 52%	 4.5	 12.4%	 >66.7	
 
Table 2. Summary of calculated rate constants, calculated steady state triplet population, ρ50% 
values and device characteristics for the EMLs (Host:4CzIPN(20wt%)). 
 
The lower triplet concentrations in these films should have a beneficial influence on 
bimolecular processes. In order to confirm this, intensity dependent PLQY measurements are 
conducted on 4CzIPN-doped films made from the different host materials (Figure 4c). All 
three films exhibit a constant PLQY value for low excitation densities, but start to show a 
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roll-off for higher excitation densities. We explain this behavior by bimolecular quenching. 
The onset of the roll-off differs between the different host materials. Brominated CBP hosts 
are able to sustain high PLQY values for higher excitation densities than their non-
brominated counterparts due to their lower triplet exciton concentrations in steady state. The 
intensity dependence of normalized PLQY can be expressed as:[17] 
6896V = WXV%ZW[\ 1 + ^W[\WXV% − 1     (4) 
where 𝛷-. is the PLQY, 𝛷` is the PLQY in the constant regime, 𝜌bc is the excitation density 
and 𝜌d`% is the excitation density at which 𝛷-. has dropped to 50% of its initial value. The 
extrapolated values for 𝜌d`% are 1.4 ∙ 10I^ for CBP to 2.3 ∙ 10I^ and 4.5 ∙ 10I^ for CBP-Br2 
and CBP-Br4 respectively. The values of 𝜌d`% correlate inversely proportional with the 
square of the steady state triplet concentration, as is expected for a bimolecular process 
(Figure S7). 
 
The performance of the host materials CBP-Br2 and CBP-Br4 was tested in OLEDs (Figure 
5). The optimized device structure is glass / ITO (100nm) / MoO3 (5 nm) / mCP (50 nm) / 
Host:4CzIPN(10wt%) (30 nm) / TmPyPb (40 nm) / lithium fluoride (0.7 nm) / Al (100 nm). 
It was compared to a separately optimized OLED based on the host CBP with the device 
structure glass / ITO (100nm) / TAPC (40 nm) / mCP (10 nm) / CBP:4CzIPN(10wt%) (30 
nm) / TmPyPb (40 nm) / lithium fluoride (0.7 nm) / Al (100 nm). The electroluminescent 
(EL) spectrum peak of the OLED with the host CBP-Br2 is found at 548 nm (CBP: 553 nm). 
The maximum EQE of the CBP-Br2 based OLED is determined to be 17.9% (CBP: 17.4%). 
The critical current density for CBP-Br2 is found at 24.9 mA cm-2 (CBP: 22.3 mA cm-2). The 
device based on CBP-Br2 is on par with the device based on CBP. It shows a slightly higher 
EQE and lower roll-off. The maximum of the EL spectrum of the device based on CBP-Br4 
is found at 545 nm and its maximum EQE is 12.4%. Its maximum EQE value is significantly 
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lower than the maximum EQE values for the devices based on CBP and CBP-Br2. We 
attribute this to a charge balance factor significantly below unity. As DFT calculations have 
shown, the energy levels (HOMO, LUMO) become deeper with increasing number of 
bromine substitutions (Table S2). As a result, hole injection into the host becomes more 
difficult. The critical current density for the device based on CBP-Br4 is larger than 66.7 mA 
cm-2. For current densities higher than 22.6 mA cm-2 and at luminances larger than 6.0 ∙ 10e 
cd m-2 it outperforms the device based on CBP in terms of EQE. During our measurements, 
there were no signs of rapid OLED degradation that would compromise our roll-off analysis. 
The improved roll-off behavior of the devices based on the brominated hosts is in agreement 
with the predicted alleviation of bimolecular loss processes like TTA, TCA and singlet-triplet 
annihilation as a consequence of the lower steady state triplet concentrations. A recent study 
has also demonstrated better roll-off behavior resulting from increased reverse intersystem 
crossing rates.[49] However, the roll-off is also influenced by other factors like current 
dependent charge imbalances and field induced quenching.[20] Therefore it cannot be ascribed 
to one single cause. 
 
These results also contribute to the clarification of the detailed mechanism of TADF. The 
proposed mediated process is in agreement with our observations. Varying degrees of spin-
orbit coupling influence intersystem crossing between a higher lying triplet exciton Tn (e.g 
local exciton state 3LE) and the singlet state (e.g. charge transfer state 1CT). Since we observe 
an increase in intersystem crossing rate in response to the incorporation of heavy atoms into 
the system, we conclude that the mediated process should be at play. This does not exclude 
the possibility of additional hyperfine coupling also being present. However, hyperfine 
coupling is at least an order of magnitude smaller than spin-orbit coupling, unless the latter is 
suppressed by some selection rule (Figure 1b). If hyperfine coupling was dominant, we 
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would not have observed a pronounced heavy atom effect as bromine and hydrogen have 
comparable nuclear magnetic moments. These findings are in accordance with a recently 
published study that investigates the temperature dependence of the time-resolved 
photoluminescence of 4CzIPN, wherein the authors confirm the presence of a higher lying 
triplet state Tn which is involved in the decay process.[50] 
 
 
Figure 5. Device data employing brominated hosts CBP-Br2 and CBP-Br4 (Device II) 
compared to a control device based on CBP (Device I). (a) Device structure for devices based 
on brominated hosts and energy diagram. (b) External quantum efficiency vs. current density. 
(c) Current density and luminance vs. applied voltage. (d) Electroluminescent spectra. 
 
 
In conclusion, we have shown that it is possible to reduce exciton lifetimes via the external 
heavy atom effect in a host-guest system without significantly reducing the PLQY or EQE. 
Our MD and DFT calculations clearly show that the states of host and guest molecules are 
quantum mechanically coupled in emissive layers. The increase in intersystem crossing rates 
is due to enhanced spin-orbit coupling. The shorter lifetimes lead to lower triplet exciton 
densities in the emissive layer in steady state, consequently lowering the frequency of 
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detrimental bimolecular events. This is evidenced by an improved onset of PLQY droop 
under high excitation densities. The charge transport properties of the novel heavy atom hosts 
are sufficient to fabricate highly efficient devices with improved roll-off behavior. These 
results provide a novel way to alleviate roll-off and potentially degradation in high 
performance OLEDs by exploiting the external heavy atom effect. 
 
Experimental Section 
MD and DFT Calculations: MD with classical OPLS force field is first used to simulate the 
emission layer structure.[51] The simulations are done using GROMACS computational 
package (supporting information).[52] 10 random nearest 4CzIPN/CBP dimer structures are 
extracted from an MD snapshot as the starting structures for DFT calculations. To generate 
the starting structures of CBP-Br2 and CBP-Br4, we manually replace H atoms in CBP with 
Br atoms. We then performed ground-state geometry optimizations of these dimer structures 
using PBE0 functional and 6-31G* basis set.[53] After that, S0 and T1 states of all dimers are 
computed using unrestricted DFT with a larger basis 6-311G**. Subsequently, the Löwdin 
population analysis of these states is carried out. Electronic structure calculations are done 
using the Q-Chem package.[54]  
Materials: All organic materials are ordered from Luminescence Technology Corp., Taiwan 
and used as received. Molybdenum trioxide and lithium fluoride were ordered from Sigma 
Aldrich and used as received. The materials employed in the emissive layer of the OLEDs 
and doped thin film samples are 4,4'-di(9H-carbazol-9-yl)-1,1'-biphenyl (CBP), 4,4'-bis(3-
bromo-9H-carbazol-9-yl)-1,1'-biphenyl (CBP-Br2) and 4,4'-bis(3,6-dibromo-9H-carbazol-9-
yl)-1,1'-biphenyl (CBP-Br4) as host materials as well as 2,4,5,6-tetra(9H-carbazol-9-
yl)isophthalonitrile (4CzIPN) as guest (emitter). In OLEDs Molybdenum trioxide (MoO3) is 
employed as hole injection layer (HIL), 4,4-Cyclohexylidenebis[N,N-bis(4-
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methylphenyl)benzenamine] (TAPC) and 1,3-di(9H-carbazol-9-yl)benzene (mCP) as hole 
transport layers (HTL), 1,3,5-Tris(3-pyridyl-3-phenyl)benzene (TmPyPb) as electron 
transport layer (ETL) and lithium fluoride (LiF) as electron injection layer (EIL). 
Fabrication: Quartz substrates are received from Quartz Scientific, Inc. Pre-patterned indium 
tin oxide (100nm) glass substrates are received from Luminescence Technology Corp., 
Taiwan. All substrates are cleaned by sonicating in diluted detergent (Micro-90 cleaning 
solution), deionized water, acetone and by boiling them in isopropyl alcohol. In case of the 
OLED substrates, they are subsequently treated with oxygen plasma for 15 minutes. The 
substrates are transferred to a thermal evaporator directly connected to a nitrogen-filled 
glovebox. The materials are evaporated through a shadow mask at a base pressure of 10HF 
Torr and a rate of ~1 Ås-1. Aluminum is evaporated through a contact-defining shadow mask 
at a base pressure of 10HF Torr and a rate of ~4 Ås-1. The samples are encapsulated using 
epoxy and cover glass or quartz slides in nitrogen atmosphere with oxygen and moisture 
levels below 1 ppm. 
Measurements: Absorption spectra are taken from doped films (20wt%) of 100 nm thickness 
in a UV-Vis-NIR Spectrophotometer (Cary 5000, Agilent). Emission spectra are measured 
with a spectrometer (SP2300, Princeton Instruments) with a 340 nm emitting LED as 
excitation source (LED, M340L4, Thorlabs). Photoluminescence quantum yields are 
measured in an integrating sphere (Labsphere) coupled to the aforementioned spectrometer 
and excited by the same LED. Time resolved photoluminescence measurements are carried 
out using a picosecond fluorescence lifetime system (Laser Diode 371nm, Streakscope S-20, 
Hamamatsu, supporting information) or using a photodetector (PDA10A, Thorlabs) 
connected to an oscilloscope (TDS3054C, Tektronix). Intensity dependent measurements are 
conducted with a focused laser diode (CPS405, Thorlabs) as excitation source (supporting 
information). Voltage, current and electroluminescence data are obtained using a precision 
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semiconductor parameter analyzer (4156C, Agilent) and a silicon photodetector (FDS1010 
Thorlabs). During these measurements, the OLED is placed directly on top of a large area 
photodetector without any intervening optics, so that no correction for wide angle light is 
required. 
 
Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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